Tide gauges are designed to measure changes in water level relative to land. However, vertical motions of the earth's crust manifest themselves as apparent water level changes in tide gauge records. These crustally induced changes are often small in amplitude relative to the wide range of oceanic processes which affect water level in coastal regions. Vertical crustal motion can best be studied by first removing oceanic variability from the time series. In this paper we summarize the major oceanic signals in tide gauge records. We take the approach that the oceanic signals are unwanted "noise" in the data. Methods are described for removing or at least reducing the various oceanic signals. These oceanic signals span a broad range of time scales from tides to interannual variability associated with the El Nifio phenomenon and secular sea level change from a number of oceanographic effects.
INTRODUCTION
Tide gauges have been used for over 100 years to measure the sea level height (SLH) relative to fixed bench marks. The tide gauges are referenced to bench marks located (whenever possible) in stable bedrock. This referencing is accomplished by precise first-order leveling through a succession of visual sightings, none of which exceed 150 m. Although explicitly named, it is sometimes easy to forget that tide gauges were originally designed for the study and prediction of tides. Nonetheless, these devices have proven useful for a much broader range of geophysical applications. Tide gauge data would be useful only for oceanographic applications if the bench mark remained fixed in space and time. However, since the water level measured by tide gauges is subject to rising and falling of the land as well as the sea, the tide gauge data can also be used to study vertical motion of the earth's crust. It is not always a simple task to distinguish apparent water level changes due to movement of a tide gauge from true water level changes due to oceanographic processes.
In this paper we review the full range of ocean signals in tide gauge records. In recognition of the fact that the readers of this paper will primarily be geophysicists interested in crustal motion, we take the approach that ocean signals are an unwanted "noise" in tide gauge records. Our objective is to describe the oceanographic signals which have been studied from tide gauge data and then to discuss methods for removing the ocean signals to draw out the "signal" of vertical crustal motion (which, of course, constitutes noise in oceanographic applications). Many of the ocean signals can easily be removed. Other ocean variability looks disturbingly similar to apparent water level changes due to crustal motion. It is crucial that analysts be aware of these limitations when using tide gauge data to infer crustal motion. The difficulty in distinguishing ocean signals from crustal signals has previously been discussed by Vanicek [1978] .
Although tide gauges vary in design, they all utilize some filtering technique to remove short-period fluctuations in water level produced by surface gravity waves. Thus tide gauges provide information on water level variations at time scales of a few minutes and longer. In the most common design this low-pass-filtering operation is achieved by meaCopyright 1986 by the American Geophysical Union.
Paper number 5B5594. 0148-0227/86/005B-5594505.00 908 suring the water level in a cylinder with a narrow opening at the bottom. This narow opening limits the rate at which the water level can change inside the cylinder. A potential problem with this design is that the orifice can become plugged with mud and silt or covered by living organisms. This results in spurious recorded values of water level. Routine maintenance is necessary to keep the orifice clean and the tide gauge record uncontaminated. Other problems with tide gauges include mechanical failure of the float device, jamming of the paper tape recorder, digitization error, sinking of piers on which tide gauges are generally located, and intentional changes in the location of the tide gauge or bench mark. The overall data quality varies greatly with station. Unfortunately, problems with tide gauges occasionally go unnoticed for considerable periods of time. Consequently, it is not uncommon to find gaps in tide gauge records which sometimes make analysis of the data difficult.
In the following sections we separately discuss all of the major oceanographic signals in tide gauge records. For each, we give a brief overview of the physical causes of the SLH signal. A thorough review of the theory behind each physical mechanism is beyond the scope of this paper. The discussion is limited either to qualitative remarks about the physics or to a discussion of the theory for simplified special cases. These simplified models are often very useful for elucidating the physical aspects of the signal. For each signal we discuss the typical amplitudes in tide gauge records and give references where more detailed discussions can be found. We also discuss methods of removing or at least reducing each ocean signal in order to focus attention on signals associated with vertical crustal motion.
TIDES
The simplest of all ocean signals in tide gauge records are the astronomical tides. Although a thorough dynamical understanding of ocean tides is very difficult, the basic principles are straightforward. To a very close degree of approximation, tides on the earth are controlled by the moon and the sun. While other heavenly bodies contribute tidal-generating forces, their relative strengths are very small in comparison.
Since the motions of the sun and the moon relative to the earth are known very precisely, it is possible to compute the tidal-generating potential to great accuracy at any point on the earth. Doodson [1922] was the first to decompose the tidal-generating potential into discrete frequencies and ampli- tudes. He identified a total of 389 components. The 11 most significant are listed in Table 1 . To a close approximation, the tidal generating potential can be described by the seven constituents with largest amplitude. The remaining 382 components have much smaller amplitudes and can usually be ignored.
If the earth were covered by a uniform layer of water, dynamical prediction of the tides at any location would be a simple matter since the period, amplitude, and phase of all tidal constituents are known precisely. Howeyer, the presence of continental boundaries and complex bottom topography in nearshore regions and the effects of the earth's rotation make dynamical predictions essentially useless. In practice, the tides at a particular location are determined empirically by harmonic analysis [Munk and Cartwright, 1966] . A tide gauge is installed, and measurements are made for a long enough period to resolve the principal constituents (usually a few months to a year or so). The amplitudes and phases of each tidal constituent are then determined by harmonic analysis.
Although the tidal signal can be very large (amplitudes of 1-2 m are common) and can mask other signals in tide gauge records (see Figure l a), they can be predicted very accurately at coastal locations from their harmonic constants. Consequently, the tides can be easily removed from the records. Another method commonly used to reduce tidal signals in the data records is to low-pass filter the time series by numerical filtering with a half-power point around 2 days. Such filtering essentially eliminates the tidal signal from the six largest constituents (see Table 1 ), as well as many of the smaller amplitude constituents. The effects of such a filtering operation can be seen in Figure 1 b.
STATIC INVERTED BAROMETER EFFECTS
Another relatively straightforward signal in tide gauge records is the so-called inverted barometer effect of atmospheric pressure. This nondynamical effect results from the downward force on the sea surface due to the mass of the overlying atmosphere. This results not from compression of the water but from a horizontal redistribution of water mass in response to horizontal variations in the sea level pressure (SLP) field. Thus, if SLP changed uniformly over an ocean basin, except for a negligible change due to the small compressibility of seawater, there would be no corresponding change in SLH. Assuming that the total mass of air integrated over an ocean basin remains constant, the change Ah in SLH in response to a change Ap in SLP is given by Ah = 1 Ap Pg where p is the water density and g is the gravitational acceleration. If Ap is expressed in millibars (mbar) and Ah is expressed in centimeters, the inverted barometer response is -1.01 cm/mbar.
The transient adjustment to a change in SLP is carried out by long gravity waves and is thus very rapid. For example, Roden [1965] Along coastal boundaries, the SLH response to SLP is not so simple. Robinson [1964] showed that the response can differ significantly from inverse barometric due to the presence of the coastline. Over a sloping bottom shelf region, SLP can force SLH changes which rapidly propagate with the coast to the right of the direction of propagation in the northern hemisphere (to the left in the southern hemisphere). Thus, for example, along the west coast of North America, the response of SLH to local SLP may be inverse barometric. However, since the spatial scales of SLP are large, there may be additional SLH response propagating poleward from SLP forcing at locations to the south. This propagating response is a dynamical effect of SLP forcing at remote locations.
Attempts to separate local inverted barometer response from other causes of SLH variability have been largely unsuccessful. Roden [1966] and Saur [1962] both found a strong inverse relationship between SLH and local SLP with a response 1-2 times greater than inverse barometric. The additional response may be due to propagating SLH signals forced by SLP at southerly locations as suggested by Robinson [1964] . However, Saur [1962-] noted that decreases in SLP along the west coast of North America are locally associated with more southerly winds. Similarly, increases in SLP are associated with more northerly winds. This further complicates the problem since alongshore wind stress can also force SLH fluctuations at the coast (see section 5). The SLH response to northerly (southerly) winds is the same sign as the SLH response to an increase (decrease) in SLP. Thus, with the observed coupling between SLP and winds, the responses of SLH to each tend to reinforce, which would cause an apparent response to SLP (if wind effects were not taken into consideration) that would be larger than inverse barometric.
Chelton and Davis [1982-] tried to resolve the problem by constructing multiple linear regression models for SLH at 20 locations along the west coast of North America. Both local SLP and wind stress were included as forcing functions as well as atmospheric forcing at locations south of each particular SLH station. The response coefficient for local SLP was still 10-50% larger than inverse barometric.
In spite of the difficulties encountered in verifying a local inverted barometer response to SLP at coastal locations, the second step in analysis of tide gauge records (after removal of •z dp Winds blowing from the north along the west coast of North America thus result in an offshore transport in the surface waters. To conserve mass, this divergence of relatively warm surface water must be compensated by a vertical transport of colder subsurface water at the coast, the classical picture of coastal upwelling (Figure 5a ). Since the newly upwelled water is colder and more dense, it displaces a lesser volume than the original warm water present prior to upwelling. Consequently, SLH at the coast drops in response to equatorward winds.
In a similar manner, the Ekman transport associated with poleward winds along the west coast of North America results in a net onshore transport in the surface waters. This must be compensated by downwelling at the coast (Figure 5b) . The resulting accumulation of a thick layer of warm, less dense water at the coast leads to a rise in SLH.
The nearshore ocean responds to the sea surface slopes induced by coastal upwelling by forming geostrophic alongshore currents as in Figure 4 . The response to equatorward (poleward) wind stress is equatorward (poleward) geostrophic flow at the sea surface. Thus, while the wind and surface velocity are in the same direction, the coupling is not from direct frictional effects of winds "dragging" the water in the direction of the wind. Rather, the coupling is through Ekman transport and subsequent geostrophic adjustment induced by rotation Of the earth.
The above picture is an overly simplistic view of the complex dynamics which take place during coastal upwelling and downwelling. For example, during coastal upwelling, cold water accumulates rather quickly in the surface region near the coast. Continued upwelling then transports this cold water offshore by Ekman dynamics. Since this offshore transport is restricted to the near-surface region, this eventually leads to cold water overlying warmer subsurface water. In this unstable situation, mixing must occur. These and other aspects of the detailed dynamics of coastal upwelling are discussed by de Szoeke and Richman [1981, 1984] .
Nonetheless, the simple explanation presented here can account qualitatively for many of the SLH events in Figure This example is strong evidence for the generation and propagation of coastal trapped waves along eastern ocean boundaries. Other examples have been given by Clarke [1977] and Wang and Mooers [1977] for the California coast and by Smith [1978] for the Peru coast. Coastal-trapped waves have also been observed propagating equatorward along western ocean boundaries [e.g., M ysak and Hamon, 1969; Brooks and Mooers, 1977] . It is thus evident that an SLH signal observed at any particular tide gauge may have been generated by atmospheric forcing at remote locations. Consequently, it is generally unwise to consider only local forcing when attempting to isolate the cause of SLH variability in tide gauge records.
Although models of coastal-trapped waves can account qualitatively for propagating signals, it is not possible to use the models for prediction of the amplitude of the SLH signal as it propagates. For example, Halliwell and Allen [1984] attempted to predict SLH variability along the west coast of the United States using the coastal-trapped wave theory discussed above. In some cases, their predictions agreed favorably with observed SLH variability. In other cases, the predicted amplitude of SLH differed from observed SLH. The discrepancy is due in part to simplified assumptions in the theory. But even if the theory were perfect, it is not practical to quantitatively predict SLH since it is impossible to obtain the necessary measurements of water density along the propagation path. The density structure varies both spatially and temporally, and these variations alter the structure and phase speed of the coastal-trapped wave modes. Thus, while the existence of forced and freely propagating coastal-trapped waves is relatively easy to understand dynamically, the SLH amplitudes and propagation speeds cannot be predicted in a quantitative sense.
Since the time scales of propagating SLH events are typically 2-10 days, the presence of these ocean signals in tide gauge records can be greatly reduced by low-pass filtering the data. One form of filtering is to construct simple monthly averages of the data. A better approach which results in less contamination from high frequencies is to apply a more sophisticated filter which has smaller side lobes in the frequency domain. One can then extract monthly averages from the filtered residuals, if desired. The residual SLH signals remaining in the low-pass-filtered tide gauge data are discussed in the next four sections.
SEASONAL VARIABILITY
The dominant signal in time series of low-frequency SLH is generally the seasonal cycle. Seasonal variability is even evi- There are other mechanisms which can influence seasonal variability of SLH, but they generally are of less importance than geostrophic currents and thermal heating and cooling. For example, at some locations the freshwater effects of river inflow alter the density of the near-surface waters, thereby affecting the seasonal variability of SLH. Meade and Emery [1971] showed that river runoff is important at a number of stations along the east coast of the United States. Salinity effects on SLH have also been shown to be important to nearshore SLH in the Gulf of Alaska [Royer, 1979 [Royer, , 1981 . To remove the seasonal cycle and thus enhance other sources of SLH variability, it is not essential to understand the cause of the seasonal change in SLH. If a truly seasonally recurring phenomenon exists in the data record, it can be easily computed and removed. The two methods most commonly used to define the seasonal cycle are either to (1) compute the long-term average separately for each calendar month, or (2) determine the annual and semiannual components of variability by harmonic analysis. It is generally found that the two methods give virtually the same results as long as the data record spans at least several seasonal cycles. Using either method to define the seasonal cycle, the residual SLH remaining after subtracting the seasonal values from observed monthly averages is called anomalous SLH. The following two sections discuss oceanographic causes for variability of anomalous SLH. • RUPERT i .
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EL NIfO EFFECTS
The atmospheric effects discussed in the preceding section account for less than half of the variability in the anomalous SLH records. Examination of frequency spectra reveals that most of the remaining variability consists of low-frequency, interannual (periods longer than a year) energy. As an example, the autospectrum of anomalous SLH at San Francisco is shown by the solid circles in Figure 11 Because the seasonal variability of SLH is so small in this region (less than 5 cm), a signal as large as that observed in 1982-1983 is particularly easy to identify. It is thus not surprising that the effects of E1 Nifio have long been apparent in the eastern tropical Pacific. Until the last 5 years or so, it was not recognized that E1 Nifio effects can be identified at higher latitudes as well. This is because the interannual variability associated with E1 Nifio at mid-to high latitudes tends to be masked by seasonal and other background variability with comparable or larger amplitude. In contrast to the rising SLH observed over most of the world ocean, SLH has been falling along the southeastern coast of Alaska, in Scandinavia, and in the Hudson Bay region [Gutenberg, 1941] . This is generally thought to be due to an emergence of the land in these regions as a result of isostatic rebound of the earth's crust from the most recent glaciation rather than a true eustatic sea level change. The land emergence in southeastern Alaska is believed to be centered near Glacier Bay, located between Yakutat and Sitka, and Hicks and Shofnos [1965] have estimated a 0.4 cm/yr rate of uplift from SLH records. This amounts to about twice the rate of uplift inferred from SLH records in the Hudson Bay region [Gutenberg, 1941] .
Aside from the eustatic rise in SLH, it is often assumed that secular variability in tide gauge records is of nonoceanographic origin. However, White et al. least from 1958, a significant portion of the secular drop in tide-gauge-measured SLH may be due to a true sea level change rather than purely isostatic rebound. It is apparent, then, that a variety of processes may be responsible for observed secular variations in SLH. There is considerable controversy over which causes are the most important. It must be stressed that the statistical reliability of any speculations about the cause of trends is necessarily low since they effectively represent less than one complete realization of the process. The implications will not be pursued further here except to point out that estimates of the viscosity of the earth's upper mantle computed from SLH trends in southeastern Alaska must be considered to be a lower bound on the true value [e.g., Crittenden, 1967; Clark, 1977] . It is clearly difficult (if not impossible) to separate oceanographic and nonoceanographic contributions to secular SLH variability.
SUMMARY
We have summarized the major oceanic signals in tide gauge records. Since the primary readers of this paper will be geophysicists interested in using tide gauge records to infer vertical crustal motion, we have taken the approach that ocean signals are unwanted "noise" in the data. Accordingly, we have attempted to describe methods of removing the oceanic signals in order to isolate variability due to crustal motion. For some of the oceanic signals discussed here, removal is a relatively simple task. For others, it is very difficult. The signals discussed in this paper, their approximate amplitudes and brief comments on removal are summarized in Table 2 .
In short, the following gives a reasonable plan which should be followed prior to analysis of crustal motion from tide gauge The most difficult signal to deal with is the secular variability discussed in section 10. Part of this signal may represent glacial rebound or emergence or subsidence of the earth's crust. However, there are at least two oceanic processes which have been suggested to explain secular trends in SLH records. These are a eustatic rise in SLH from melting glaciers and ice sheets and changes in SLH due to long-term changes in the thermal structure of the upper ocean. Large-scale secular changes in salinity could generate similar signals in SLH records. We offer no suggestion for how to handle this secular variability. We only caution that assuming that all of the noneustatic secular variability is due to crustal motion may be very misleading. 
